Derives a non-dimensional thermal parameter to predict thermal runaway. Experimental measurements are in good agreement with the model predictions. Predicts safe and unsafe regions of the thermal design space. Results may facilitate thermal management design for enhanced safety. 
Introduction
Thermal runaway in Li-ion cells is a widely researched phenomenon that presents severe safety challenges [1e3] and often requires conservative design and run-time control of energy conversion and storage devices, resulting in reduced performance [4, 5] . Fundamentally, thermal runaway in a Li-ion cell is a cascade of successive processes and reactions that feed into one another through heat generation that increases with temperature, eventually leading to explosion and fire [1, 3] . Pertinent processes in thermal runaway include decomposition of the solid-electrolyte interface [6] , various chemical reactions involving the electrolyte and electrode binder [7e9] , and eventually, decomposition of electrolyte [10] and positive electrode active material [11] . A large amount of literature is available on understanding each of these processes [1, 3, 6, 7, 12, 13] . In particular, the reaction kinetics and heat generation profiles of these processes have been widely studied, both theoretically [12] and through experimental measurements using tools such as Differential Scanning Calorimetry (DSC) and Accelerated Rate Calorimetry (ARC) [6, 7, 13] . These processes are usually modeled using Arrhenius reaction kinetics, with a reaction rate, and hence heat generation rate, that increases exponentially with temperature [1, 3] . Numerical values of these reaction rates and heat generation rates, as well as their temperature dependence have been determined [3] . Some work also exists on overall heat generation rate measurement from a Li-ion cell at large discharge rates where thermal runaway may be a concern [14, 15] .
Some research has also been carried out on thermal modeling and measurements for Li-ion cells in thermal runaway situations [12,16e21] . Analytical methods and simulation tools [12,16e18] have been used for modeling thermal behavior of a cell at elevated temperatures. Experiments have been carried out to measure temperature of a cell or an appropriate thermal surrogate [19e21] during runaway. However, not much work has been carried out on connecting heat removal and heat generation processes that occur during thermal runaway. While heat generation is a function of the chemical reactions occurring within the cell, heat removal from the cell comprises of two processes that occur in series [22, 23] e thermal conduction within the cell to its outside surface, and heat removal, usually through convection from the outside surface to the ambient. The nature of interaction between these heat generation and heat transfer processes eventually determines the thermal state of the cell, and whether thermal runaway occurs or not. It is critical to model both in a holistic fashion to better understand, and design means to prevent thermal runaway. Specifically, it is of interest to determine how the thermal transport properties of the cell and its ambient influence and govern the occurrence of thermal runaway. Such experimentallyverified theoretical limits on the occurrence or avoidance of thermal runaway may result in valuable design tools for safety of Li-ion cells.
The interaction between heat generation and heat removal has been represented in past papers in the form of a Semenov plot [24, 25] that compares the rates of heat generation and heat removal as functions of the temperature of the cell. A Semenov plot uses the imbalance between the two processes e which increase exponentially and linearly respectively as functions of temperature e as the basis for predicting thermal runaway [24, 25] . However, this approach assumes the cell to be a lumped thermal mass with uniform temperature throughout the cell volume. As shown by recent models [22, 23] and measurements [26, 27] , this may not be an accurate assumption. As a consequence, the Semenov analysis predicts the thermal runaway process to be independent of the thermal conductivity of the cell, which is not accurate in several cases. For example, the Biot number [28] for a typical 26650 cell in natural convection conditions can be estimated to be 2e6.5 based on recent thermal conductivity measurements of the cell [29, 30] . A value of Bi > 1 indicates strong temperature gradients within the cell, making the lumped mass based Semenov analysis inaccurate. Because the Semenov approach neglects heat transfer within the cell, it has not been possible so far to predict what internal and external thermal conditions are needed to prevent thermal runaway for a specific cell chemistry with well-known chemical kinetics and heat generation rates as functions of temperature. Accounting for this phenomenon will help optimize materials design from a thermal perspective, and help maintain a balance between internal and external heat transfer towards avoidance of thermal runaway. This paper carries out theoretical and experimental analysis of thermal runaway in Li-ion cells by extending the Semenov analysis to account for heat transfer within the cell. The governing energy conservation equation that accounts for both heat generation and heat removal processes is solved to determine a non-dimensional parameter e which is named the Thermal Runaway Number (TRN) e whose value is shown to govern whether thermal runaway will occur or not. This parameter includes contributions from heat transfer processes within and outside the cell, as well as the rate of increase in heat generation with temperature. Results indicate that thermal conductivity within the cell is a critical thermal property governing runaway. Experiments that implement a temperaturedependent heat generation with a controllable temperature slope are carried out to validate the theoretical model. These experimental data are in good agreement with theoretical results, and demonstrate successful avoidance of thermal runaway through changes in the convective heat transfer coefficient external to the cell. Design guidelines that predict the parameter space in which thermal runaway can be prevented are developed using the model. The experimentally-verified fundamental insights in this paper may lead to design guidelines for thermal properties of the cell and its ambient for prevention of thermal runaway.
Mathematical modeling
Consider a cylindrical Li-ion cell of radius R, radial thermal conductivity k r , heat capacity C p and mass density r. The cell experiences a temperature-dependent internal heat generation rate Q(T) throughout its volume, and is being cooled at the outside surface with a convective heat transfer h due to a mechanism such as coolant flow. The interest is in determining the parameter space within which the cell will not undergo thermal runaway, i.e. the cell temperature does not become unbounded. In this case, the governing energy equation for the temperature rise T(r,t) in the cell is given by
and
Equations (1)e(3) can be solved to determine if there is a set of conditions that will prevent thermal runaway by ensuring a bounded solution for T at all times. To do so, a Taylor series expansion of Q(T) is first carried out about a temperature T ¼ T 0 , and second order and higher terms are neglected. This results in
is the slope of Q(T). In order to solve equation (4), it is noted that the heat generation term can be split linearly into two components, (Q(T 0 )-bT 0 ) and bT.
The first component is a constant quantity, which from thermal conduction theory [31] is known to result in a steady state with a bounded temperature field. However, the second heat generation component bT increases with temperature, and may lead to an unbounded temperature. Solving only for T 2 (r,t), which represents the temperature rise due to the second component of heat generation, it can be shown using the technique of separation of variables [31] that
where J 0 is the Bessel function of the first kind of order 0, C n are constant coefficients, and m n are non-dimensional eigenvalues
given by the roots of the equation
where Bi ¼ hR kr is the Biot number [28] . Note that C n in equation (5) are obtained using orthogonality and the initial condition of the temperature field.
The temperature solution in equation (5) may be either bounded or unbounded depending on the sign of the term within the exponential function in equation (5). This term remains bounded if
Since the values of m n increase with n, it is sufficient to require that the first eigenvalue m 1 satisfies equation (7). This condition can be written in terms of a single non-dimensional parameter as
Thus, a fundamental, non-dimensional parameter has been derived, which we name as the Thermal Runaway Number (TRN), whose value must be less than one in order to prevent thermal runaway. Since this derivation is based on Taylor series expansion of Q(T) at a specific temperature T 0 , therefore equation (8) must be satisfied over the entire temperature range of operation to ensure that thermal runaway does not occur throughout.
The non-dimensional parameter TRN in equation (8) is a combination of properties of thermal transport within the cell (k r ), thermal transport from the cell surface to the outside (m 1 ) and the kinetics of heat generation (b), as well as the cell geometry (R). These parameters combined in the manner shown in equation (8) determine whether thermal runaway occurs or not. Li-ion cell design and run-time thermal management must be carried out to either reduce the numerator or increase the denominator or both in equation (8) .
The first eigenvalue m 1 can be determined by solving the transcendental equation (6) once Biot number, comprising the cell radius, R, thermal conductivity, k r , and outside convective heat transfer coefficient, h, is known. m 1 is plotted as a function of the Biot number in Supplementary Fig. 1 . As Bi increases, m 1 increases, but eventually saturates. This means that regardless of how strong convective heat transfer outside the cell is, the value of m 1 will at most be 2.405. Simply continuing to increase Bi does not necessarily improve the chances of preventing thermal runaway.
Note that equation (8) is derived by assuming the Li-ion cell to be an infinite cylinder, which for most cell geometries such as 18650 and 26650 cells is a reasonable assumption. If a cylinder of finite height H is modeled instead, equation (8) must include additional contributions from the axial eigenvalue as follows:
where l 1 is the first axial eigenvalue, determined based on convective conditions on the top and bottom surfaces, g is the thermal conductivity ratio k z /k r , and H/R is the aspect ratio. As expected, for large aspect ratio, equation (9) reduces to the infinite cylinder result given by equation (8) .
A theoretical derivation in Supplementary Information shows that if Bi≪1, i.e., thermal conduction within the cell is neglected and the entire cell is treated as a lumped thermal mass, as has been done in Semenov plots in previous papers [24, 25] , equation (8) reduces to the following simpler form:
where V and A are the volume and surface area respectively. This corresponds to the Semenov analysis presented in the past that treats the body as a lumped thermal mass. Equation (10) states simply that to prevent thermal runaway, the rate of heat generation must be lower than the rate of heat removal. However, this simplified condition is accurate only for a lumped thermal mass because it does not account for thermal transport within the cell. By accounting for this, the present analysis generalizes the Semenov analysis, and offers a more realistic and accurate prediction of thermal runaway behavior of a Li-ion cell.
The next section discusses experiments carried out on a 26650 thermal test cell to experimentally validate the model presented in this section. Results and discussion are presented in Section 4.
Experiments
Experimental investigation of the influence of TRN on thermal runaway presents several challenges. It is difficult to accurately control and measure heat generation rate in a Li-ion cell, particularly one that changes with temperature, as required for such experiments. Further, measurement of temperature inside the cell is not straightforward [14, 27] . As a result, these experiments utilize a thermal test cell that mimics heat generation and heat transfer in a Li-ion cell and provides the capability of close control of temperature-dependent heat generation rate.
Fabrication of thermal test cell
A thermal test cell is designed and built to closely mimic the thermal behavior of a 26650 Li-ion cell. The thermal test cell has similar geometry and thermal transport properties as a 26650 Liion cell. Heat generation in the thermal test cell occurs due to Joule heating in a wound resistive metal sheet, which makes it possible to measure and change the heat generation rate as a function of temperature by varying the heating current. A foil of 0.025 mm thick 304 Stainless Steel is first insulated by adhering Kapton tape on its surface. The foil-Kapton sandwich is rolled around a thin rod to form a cylinder of height 65 mm and radius 13 mm. Seven T-type thermocouples are placed during the rolling process at different radii. Thin metal wires are soldered to the two ends of the foil to provide electrical access to the metal foil. The roll is then lowered inside an Aluminum casing of the same dimensions as a 26650 Li-ion cell, and the thin rod is carefully taken out. The heater and thermocouple wires are routed out of the casing. Polydimethylsiloxane (PDMS), a commonly used electrically insulating soft polymer is used to fill any voids in the test cell. PDMS is cured in two steps, for 2 h at 60 C in each step to remove all air bubbles. Finally, the test cell is sealed with an epoxy.
Thermal conductivity of the thermal test cell is measured to be 0.20 W/mK using an adiabatic radial heating method [29] . This value is close to that of a 26650 Li-ion cell [29, 30] .
Temperature-dependent heat generation in thermal test cell
Electrochemical processes in a Li-ion cell generate heat at a rate that typically increases with temperature due to Arrhenius-type nature of these processes [1, 3] . In order to obtain a similar temperature dependence of heat generation in the thermal test cell, the heating current, supplied by a LabView-controlled Keithley 2401 sourcemeter is modulated based on temperature measurement from the embedded thermocouples. Fig. 1 shows a picture of the experimental setup, and a schematic of information flow between various instruments for control of the heat-generation rate. The thermocouple is read every 1 s, and the heating current is changed in order to maintain the heat generation rate according to any desired function of temperature. Simultaneous measurement of heat generation rate is carried out through measurement of input current and induced potential difference. Supplementary Fig. 2 shows that through this feedback, the heat generation rate in the test cell remains close to the desired profile throughout the experiment, thereby demonstrating the capability of producing a desired, temperature-dependent heat generation rate in the thermal test cell. Two specific temperature profiles investigated in this work include linear and Arrhenius-type heat generation as function of temperature. Supplementary Fig. 3 compares the temperature rise as a function of time predicted by the analytical model in Section 2 with finite-element model simulations, carried out in ANSYS-CFX. This comparison is carried out for linearly increasing heat generation rate at two different values of b, one which is expected to induce thermal runaway, and one which is not. In both cases, there is good agreement between the analytical model and finite-element simulations. Fig. 2 plots results from temperature measurements on the thermal test cell subjected to linearly increasing Q(T), with different values of the slope b. Equation (8) predicts that as b increases, the value of TRN will increase, and eventually exceed the threshold value of 1, beyond which thermal runaway is expected to occur. This effect is clearly seen in Fig. 2 where the value of TRN corresponding to various experiments is shown alongside each curve. For low TRN, the cell temperature remains bounded. As TRN increases, the temperature starts to increase due to increased heat generation, but still stays bounded. Once TRN exceeds 1, however, thermal runaway occurs, with the shape of the temperature curve changing from concave to convex. Experimental data in Fig. 2 demonstrate that runaway occurs beyond a threshold value of 1, as expected from the model. In addition, Fig. 2 also shows that in each experiment, there is good agreement between experimental data and analytical model over the entire time period.
Results and discussion
As described in section 2, TRN includes contributions from heat generation rate (b), thermal conduction within the cell (k r ) as well as convective heat transfer on the outside (h). To investigate this further, experiments are carried out at fixed b and k r , but with different cooling conditions on the outside surface of the cell to vary h. This is accomplished by providing a cooling fan to blow air over the fan and varying the cooling air speed. Fig. 3 plots the temperature of the cell as a function of time for these experiments. As the air speed increases, so does h, resulting in reduction in the value of TRN according to equation (8) . Eventually, as TRN keeps reducing, as predicted by the model, the cell does not enter into thermal runaway, shown by the bottom three curves in Fig. 3 . These data further validate the theoretical prediction of a threshold value of TRN to induce thermal runaway in the cell. A set of experiments are then carried out using an Arrheniustype temperature dependence of the heat generation rate, which is more representative of physiochemical processes in a Li-ion cell that are responsible for thermal runaway [32] . In general, the Arrhenius relationship for heat generation rate in a process is given by R.
where Q 0 is the pre-exponential constant, R u is the ideal gas constant, and E a is the activation energy. Note that due to the exponential relationship, b, the slope of Q is not constant, but increases with increasing temperature. Two experiments are carried out at two different values of E a . The values of E a are chosen such that the resulting TRN corresponding to one of the E a values crosses over the threshold within a specific temperature window, but not for the other. Fig. 4(a) plots the measured temperature response as a function of time for both cases. As temperature increases, the heat generation rate increases exponentially, which results in a dynamic value of TRN. The variation in TRN as a function of time is also plotted in Fig. 4(a) , which shows that for the higher E a case, TRN always stays under 1, and as a result, the measured temperature remains bounded. For the lower E a case, TRN starts at a low value, but increases rapidly, and exceeds the threshold of 1 beyond around 1000s. During the time that TRN remains under 1, the temperature profile for this case also appears to remain bounded, but, as expected from the theoretical model, once TRN exceeds 1, the temperature distribution becomes unbounded, resulting in thermal runaway. There is an inflexion in the temperature curve at the time that TRN crosses the threshold value of 1. Fig. 4(b) investigates this further by plotting the temperature profile for the lower E a value at which thermal runaway occurred in the previous experiment, but with two different cooling conditions e natural convection and forced convection using a fan. Fig. 4(b) shows that thermal runaway that occurred in the previous experiment could be prevented through external cooling, which increases the value of h, and hence reduces the value of TRN. Fig. 4(b) shows that when externally cooled, the value of TRN always stays below 1, thereby preventing thermal runaway as predicted by the model presented in section 2.
For a Li-ion cell of a given chemistry and operating at a certain Crate, there are two thermal transport parameters that influence the rate of heat removal from the cell e the thermal conductivity k r , which governs the thermal conduction process within the cell, and convective heat transfer coefficient h, which governs heat removal from the cell surface to a coolant through thermal convection. It is important to understand how the value of TRN depends on these two parameters. Fig. 6(a) shows that a heat transfer coefficient of 45 W/m 2 K is sufficient to prevent thermal runaway. Similarly, Fig. 6(b) shows that increasing the cell thermal conductivity reduces TRN when h is held constant. Both Fig. 6 (a) and (b) exhibit a saturation effect in TRN as either h or k r continue to increase. TRN for a cell with too low thermal conductivity might not dip below the threshold value of 1 at all regardless of how effectively it is cooled on the outside. Note that increasing h requires improved heat transfer external to the cell, whereas increasing k r requires improving material and interfacial thermal resistances within the cell [33] .
The interplay between h and k r for reducing TRN and preventing thermal runaway is further illustrated in Supplementary Fig. 1 , which plots the first root m 1 of equation (6) as a function of the Biot number, Bi. As Bi increases, there is a sharp increase in m 1 , resulting in significant benefit to TRN, but beyond a value of around 30, further increase in Bi does not significantly increase m 1 . This illustrates the inherent limitations in using convective cooling to improve thermal runaway performance of the cell, for which k r is a constant. Once the heat transfer coefficient is somewhat large, its role in preventing thermal runaway saturates, and further benefit must come from thermal-friendly cell design, for example by improving thermal transport through materials and interfaces inside the cell.
When carrying out an effective thermal design of the cell to prevent thermal runaway, parameters such as cell radius and thermal conductivity of the cell are usually fixed, whereas the convective heat transfer coefficient can be increased somewhat, for example, by provided additional coolant flow on the outside of the cell. In such a case, it is important to determine h min , the minimum value of the convective heat transfer coefficient that can sustain a given heat generation rate without causing thermal runaway. Fig. 7 plots h min as a function of b for a number of values of the cell thermal conductivity, k r . This plot shows that for a given value of k r , as b increases, the minimum value of h needed to prevent thermal runaway increases slowly at first, but then very sharply, eventually becoming too large to be practicable. Since m 1 has a theoretical maximum value of 2.405 (see Suppl . Fig 3) , therefore, for a given R and k r , the maximum b that a cell can sustain without thermal runaway is given by b max ¼ 5.78·k r /R 2 , which requires very strong Finally, the two-dimensional thermal runaway model is utilized to predict b max , the maximum value of b that a cell can sustain as a function of the shape of the cell. Fig. 8 plots b max as a function of cell radius for fixed total volume, corresponding to the volume of a 26650 cell. As R increases, b max first reduces, but then starts increasing after reaching a minima. This non-monotonic behavior occurs because for a fixed volume, equation (9) can be rearranged as follows:
where V is the volume. The first term in equation (12) is inversely proportional to R 2 , whereas the second term is directly proportional to R 4 , which explains the non-monotonic behavior in Fig. 8 . This shows that among all cells of the same volume at given values of h and k, the cell of a certain radius sustains the lowest b max , and thus has the worst possible thermal runaway behavior at the assumed values of h and k r . This worst-case radius can be easily obtained by differentiating equation (12) . For conditions considered here, as shown in Fig. 8 , this minima occurs at a radius of around 17 mm, which is quite close to that of the commonly used 26650 cell.
Conclusions
Thermal runaway is a serious technological challenge that currently limits performance of energy storage and conversion devices. This work experimentally and theoretically demonstrates a new non-dimensional Thermal Runaway Number, TRN, that determines whether thermal runaway will occur or not. In addition to improving the fundamental understanding of heat transfer in thermal runaway conditions, this work contributes towards the design of effective thermal management strategies for preventing thermal runaway and for proactively predicting thermal runaway. By quantifying the limits on heat generation rate in given thermal conditions, this work may also contribute towards the design of resilient cell chemistries that better withstand thermal runaway in unfavorable thermal conditions.
